were desiqed to determine whether the luteinizing hormone (LH) surge induced by estrogen results from a positive feedback effect of the steroid or from some alternative mechanism. Ovariectomiz& rhesus monkeys were implanted subcutaneously with different, numbers of Silastic capsules containing 17@estradiol, producing serum estrogen concentrations of 149 -+ 10, 245 2 13, or 452 -+ 26 pg/ml (mean 2 SE). All treatments caused an initial decrec?se in serum I,H levels followed by an LH surge. When serum estrogen was maintained at t,hese levels throughout the ensuing LH surge, peak LH levels varied, with signif'icantly lower LH peaks occurring in response to the lowest estrogen levels, a result suggestive of-either positive feedback or of 149 pg/ml being a marginally sufficient estrogen stimulus. When the estradiol implants were removed as the LH su~lge was starting, all animals showed LH surges of normal magnitude, apparently synchronized in time. This result suggests an interaction between the systems controlling the tonic and surge modes of LH secretion. They arc not broadly supportive of positive feedback as a critical mechanism controlling the LH surge. They rather suggest that estrogen is necessary to initiate the LH surge, but that its continued presence is not required to sustain that phenomenon. indicates that estrogen initiates the luteinizing hormone (LH) surge in the rhesus monkey. In the normal menstrual cycle, circulating concentrations of estrogen rise for several days before the LH surge occurs (3), and treatment during this time period with an antiestrogenic compound (U-11,100 A) can block the LH surge (12). Subcutaneous injection of estradiol benzoate early in the follicular phase of the menstrual cycle or in the ovariectomized monkey elicits a premature LH surge that is otherwise indistinguishable from that which occurs spontaneously during the normal menstrual cycle (14). Similar LH surges can be induced in either the intact (5) or ovariectomized (4) monkey using subcutaneous implantation of Silastic capsules filled with 17P-estradiol.
Although the strength-duration characteristics of the estrogen signal necessary to induce the LH surge have been studied (9, a number of characteristics of this control system remain unknown. The induction of the LH surge by estrogen is often referred to as reflecting a "positive feedback" action of the steroid (4-6) to distinguish it from the well-described "negative feedback" inhibition of tonic gonadotropin secretion. With a simple positive feedback system, an increase in either hormone (estrogen or LH) would cause increased secretion of the other one, which would result in further increases in the first, and so on (10, 11). Such a control mechanism could result in the increasing LH concentrations seen during the LH surge and estrogen patterns at this time are consistent with this mechanism, inasmuch as increased levels of circulating estrogen are observed after the beginning of the LH surge (3, 13).
It is also possible to postulate a mechanism in which estrogen initiates the LH surge, but is not required to be present afier some minimal time; for example, not after LH secretion has started to increase. Both spontaneous LH surges (3, 13) and those induced by exogenous estrogen (4-6, 14) are consistent, with either of these mechanisms. I
Based on previous reports (4, 51, the hypothetical response shown in Fig. lA would be predicted in response to implantation of Silastic capsules filled with 17P-estradiol into ovariectomized monkeys. If the resulting serum estrogen concentrations were above threshold (for example, about 200 pglml), a pronounced negative feedback effect would be seen initially, followed by an LH surge. If the LH surge were controlled by a positive-feedback mechanism such as described above, two testable consequences would be expected to occur. First, provision of higher concentrations of estrogen throughout the response period, illustrated in Fig.  1B , should initially produce lower LH concentrations, inasmuch as the negative feedback signal is more intense, and should subsequently result in a higher LH surge, because the positive feedback signal is also higher. Second, removal of the estrogen just as the LH surge is starting, shown in Fig. lC , should result in the early termination of that event, because the (positive feedback) stimulus has been removed. The production of identical LH surges in these three situations would suggest that this event is controlled by a triggering mechanism of some sort, resulting in a stereotyped "reflex" response if threshold conditions have been met by the estrogen stimulus.
The following report describes experiments of the type described above, performed to provide a better understanding of mechanisms controlling the LH surge in the rhesus monkey. 
Arzirnals.
The experimental animals were three sexually mature female rhesus monkeys which had been ovariectomized 1-3 mo before the first experiment and weighed 4.5-5.1 kg. They were individually caged in air-conditioned quarters with artificial light 0600-1800 h daily. The animals were fed a diet of Purina monkey chow with occasional fresh fruit supplement, and water was provided ad lib&urn. One hundred milligrams of iron-dextran was given intramuscularly to each animal at the beginning of each experiment.
Blood samples (3-4 ml) were taken by femoral puncture and allowed to clot overnight at 4°C. The serum was then separated by centrifugation and stored at -20°C until assay.
Experiments. The basic experimental design consisted of monitoring serum LH concentrations in ovariectomized monkeys which had received various estrogen treatments.
Estrogen was administered by different numbers of Silastic capsules that were left in place for varying lengths of time. Silastic capsules were prepared, filled with 17/3-estradiol and implanted subcutaneously as described by Karsch et al. (4) . The capsules were prepared using 4.0-cm lengths of Silastic medicalgrade tubing, 3.35 mm ID x 4.65 mm OD (Dow Corning). Before implantation, the capsules were preincubated in 1 liter of water containing 1% ovariectomized monkey serum for about 24 h to avoid the initial peak that can otherwise occur in plasma estrogen concentrations (4). Capsules were implanted between 0845 and 1030 h on the 2nd day of each experiment and remained in place for 48, 56, or 120 h. Two, three, or six capsules were implanted.
Each experiment was performed twice in each of the three monkeys, giving IZ = 6 in each group. When the estrogen implants were removed after 48 or 56 h, however, it was found that in one or two experiments in each group, serum LH had already reached peak levels. Because the object of this procedure was to remove the estrogen just as the LH surge was beginning, these experiments were discarded, giving n = 4 or 5 in these groups. Blood samples were taken twice daily for the 6-day duration of each experiment, with extra samples being taken before and after implant removal in the 48-and 56-h exDeriments.
Simulated removal of the im- A large pool of serum taken from monkeys early in the follicular phase of the menstrual cycle was used as an interassay standard and gave a mean value of 67 pg/ml for the nine assays reported herein. The intra-assay and interassay coeficients of variation were 7.7 and 17.0%, respectively, and the sensitivity averaged 4 pg of estradiol per assay tube.
RESULTS
Subcutaneous implantation of two, three, or six Silastic capsules filled with 17/3-estradiol into ovariectomized monkeys produced plasma estradiol concentrations of 149 -+ 10, 245 -+ 13, and 452 t 26 pglml (means t SE), respectively. Implantation of six capsules for the entire 5-day experimental period produced an initial decline in circulating LH, reflecting the well-described negative feedback effect of estradiol. This was followed in all six cases by a clear rise in serum LH, as shown in Fig. 2 , with LH peaks occurring 48-84 h after administration of the estrogen. Also shown are the responses to implantation of three capsules for 5 days, which were an initial decline in serum LH, followed in all six cases by LH peaks at 48-96 h. When two capsules were implanted, an initial decrease in serum LH was seen in all six experiments, followed by LH peaks occurring at 60-96 h in five of them.
Because the timing of the LH surges varied from animal to animal, averaging with respect to time of implantation, as in Fig. 2 , does not give a true picture of the pattern of the LH surge in these animals. For this reason these same groups were averaged about the time of peak circulating LH concentration, with results shown in Fig. 3 . LH surges of 48-h duration are seen in each group, with the magnitude of the LH peak varying with the magnitude of the estrogen stimulus. Figure 4 shows the results of removal of the estrogenfilled capsules during the rising phase of the LH surge. When six capsules were implanted for 48 h, the initial negative feedback effect on circulating LH was followed by an LH surge in all six experiments.
In two cases, however, the LH peak occurred at 48 h, when the implants were removed; these animals are not included in the results. The other four cases all showed LH peaks at 60 h, 12 h after removal of the implants. Similarly, when three capsules were removed 48 h after implantation, all five animals showed LH peaks 12 h later (60 h after implantation).
When two capsules were implanted, they were removed 56 h later, since the LH surge occurs later with a lower estrogen stimulus (Ref. 5, also see Fig. 2 ). The four animals receiving this treatment reached serum LH peaks 4-16 h following removal of the estradiol capsules, or 60-76 h following implantation.
Blood samples were taken daily from this group for an additional 2 wk to determine when serum LH levels would return to control values; serum LH remained suppressed in these animals 4-7 days after the end of the LH surge, or 5-8 days after removal of R. F. WEICK AND D. K. POMERANTZ the estrogen. To determine whether either the stress or the manipulation of the capsules associated with removal of the implants could account for the apparent synchrony of the LH surges, control animals were implanted with two capsules for 5 days, with removal of the capsules simulated at 56 h. As shown in Fig. 5 , the resultant LH surges were not synchronized; serum LH peaks occurred 16-52 h after sham implant removal, or 72-108 h after implantation of the estradiol. In addition, assay of blood samples taken 15 and 30 min after manipulation of the implants showed no change in circulating estradiol in response to this procedure. Table 1 shows the mean (t SE) of the peak serum LH concentrations during the LH surges for each group. Analysis of these peak values with Duncan's multiple range test (2) showed the LH surges caused by the two implant-5 day treatment to be smaller than those caused by the six implant-5 day treatment or any of the 48-or 56-h groups (P < 0.05). There was no difference between the peak LH levels caused by two or three implants left in place for 5 days. 
DISCUSSION
Every experimental treatment resulted in clear negative feedback suppression of LH, followed, with the exception of only one animal in one group, by the appearance of an LH surge. When the estrogen stimulus was maintained throughout the 5-day experimental period, the magnitude of the LH response appeared to vary directly with the magnitude of the estrogen stimulus, with the LH peak produced by two estrogen implants being significantly lower than that produced by six implants.
This finding is consistent with the concept of positive feedback, inasmuch as higher circulating estrogen concentrations resulted in higher LH surges. However, it is also consistent with other findings, which suggest that a small estrogen stimulus may elicit an LH surge that is smaller than normal. In doseresponse studies of the estrogen-induced LH surge in the rhesus monkey, it was found that LH surges of normal magnitude followed various estrogen treatments, as long as they were clearly above threshold, whereas treatments near the threshold for this action of estrogen elicited LH surges of lower magnitude (5, 14). Thus, although the suggestion from our results of a dose-response relationship may indicate the existence of a positive feedback relationship, it may equally well be that the circulating estrogen levels during the two implant-5 day experiment were in the threshold range, resulting in abnormally low LH surges. The fact that the only animal in the entire study that failed to show an LH surge was in this group also suggests that this estrogen stimulus was near threshold magnitude.
In contrast, all three groups in which the estrogen was removed at 48 or 56 h showed large LH surges of similar magnitude. Removal of the feedback signal in a simple positive feedback system should result in a return of the system to the open-loop condition, in this case, a return to ovariectomized LH secretion rates and circhoral patterns (1). This is not what happened. Instead, the LH surge went through its normal 48-h pattern, if it had already commenced. If the LH surge had not already started when the implants were removed, it always began within 4 h and went through the normal pattern. In every case the LH surge terminated in circulating LH concentrations below control levels, although the estrogen had been removed 1 or 2 days earlier, and serum LH remained below control levels for an additional 4-7 days. These results are clearly not consistent with a simple positive feedback control system.
In all groups in which circulating estrogen levels remained high throughout the experimental period, there was considerable variation in the time of the LH peak, whereas removal of the estrogen seemed to have a synchronizing effect on that parameter. However, simulated removal of the implants at 56 h was not effective in synchronizing the LH surges. Thus, the synchronization appears to be a result of the decrease of circulating estrogen subsequent to removal of the implants, rather than resulting from either a temporary increase of estrogen because of implant manipulation or
